Abstract-In view of lower power density and being unable to produce big radial force, this paper presents a new design of the hybrid excitation double-stator bearingless switched reluctance motor, which combines conventional double-stator bearingless switched reluctance motor (DSBSRM) with rareearth permanent magnetic materials of high performance. Firstly, the basic structure and principle of the hybrid excitation DSBSRM are introduced. Secondly, the electromagnetic analysis is performed on the motor by two-dimensional finite element analysis (2D FEA), and the comparison is made between the proposed motor and traditional DSBSRM. Thirdly, the magnetic equivalent circuit (MEC) is established to deduce the mathematical models of the radial suspension force, torque and inductance. The current stiffness coefficient and displacement stiffness coefficient are derived by linearizing the mathematical models. Finally, the mathematical models are proved to be correct by 2D FEA.
INTRODUCTION
Switched reluctance motor (SRM) is a type of AC system which appears with the rapid development of power electronics and microelectronics [1] . The motor, which has a simple structure and big mechanical strength, can achieve rotation and energy conversion at the same time and be suitable for high-speed and ultra-high-speed operation [2] . However, the mechanical bearing reduces the efficiency and shortens the life span of the motor. The appearance of the magnetic bearing technology overcomes the shortcomings of mechanical bearings, which has no wearing, no friction, high precision and long service life [3] . However, magnetic bearings installed at both sides of motor increase the axial length and limit the critical speed [4] . To overcome these shortcomings, bearingless motors are used. In view of the stator similarity of SRM and magnetic bearing [5] , suspension coils are wound in an SRM stator to form bearingless switched reluctance motor (BSRM), which combines the advantages of magnetic bearing and SRM. The BSRM, which has high axial utilization and high-speed operation, can be widely used in aerospace, flywheel energy storage and electric vehicles [6] .
BSRM was first proposed by Chiba and other scholars in the 1990s [7] . Subsequently, large number of researches were done successively by scholars in different countries. Double windings BSRM was proposed in [8, 9] , whose torque coils and suspension coils are wound at the same stator pole, achieving motor rotation and suspension at the same time, resulting in a strong coupling between the suspension force and the torque. The decoupling control was difficult and unpractical in industrial application. A type of single winding BSRM was introduced, whose stator pole coils were controlled independently [10] . It increases the power density, but the suspension force and torque is still coupled, and the controller is more complex. To decouple the suspension force and the torque, a hybrid stator type BSRM is proposed [11, 12] . The stator of the motor is composed of a wide stator pole to suspend rotor and a narrow stator pole to provide torque, which achieves an approximate decoupling between the suspension force and the torque. However, the coupling between radial two degrees of freedom is larger [13] .
Therefore, a double-stator bearingless switched reluctance motor is proposed in [14, 15] , in which the inner and outer stators are respectively wound with suspension force coils and torque coils, so as to effectively overcome the coupling between the torque and suspension force and between the suspension forces in two radial control degrees of freedom [16, 17] . However, the power density of the control current is small, and the expense of the same suspension force produced is increased due to the inner-stator size limitations.
In this paper, the idea of "hybrid excitation" is introduced into DSBSRM, and a new hybrid excitation double-stator bearingless switched reluctance motor is proposed. The permanent magnet is embedded in the inner stator, and the permanent magnet cooperates with the control current to provide levitation force. The paper first describes the structure and working principle of the proposed motor. Secondly, the electromagnetic characteristics are analyzed by 2D FEA. Then, the mathematical models of the torque, inductance and suspension force are deduced by the MEC. Finally, these models are proved correct by 2D FEA.
TOPOLOGY OF THE PROPOSED MOTOR
The hybrid excitation bearingless switched reluctance motor is shown in Fig. 1 , whose stator and rotor have salient poles. The rotor has no coils and no permanent magnet. The outer stator has three-phase concentrated coils to produce torque. Torque coils A1, A2, A3, A4 are connected in series to form phase A. Four tangentially magnetized permanent magnets are embedded in the inner stator. A certain size of the magnetic bridge is set between the permanent magnet and the shaft. On the one hand, the inner stator is not divided into blocks and maintains a whole, which is conductive to manufacture. On the other hand, the magnetic bridge provides a magnetic flux path for the suspension coils and reduces the risk of demagnetization of the permanent magnet. Suspension coils T1, T2, T3, T4 are placed in the inner stator, where T1 and T3 are connected in series to provide control flux in the x-axis direction. T2 and T4 are connected in series to provide control flux in the y-axis direction.
PRINCIPLE OF THE PROPOSED MOTOR
The torque of the proposed motor is generated by the outer stator and rotor, as shown in Fig. 2(a) . Its working principle is similar to the switched reluctance motor, following the "minimum principle of reluctance", which means that the magnetic flux generated by the torque current always follows the path of the minimum magnetic reluctance. Due to tangential magnetic force produced from distorted flux, the rotor starts to rotate. The generation of radial suspension force is shown in Fig. 2 (b), which is the result of the combination of the permanent magnet and inner-stator suspension coils. When the rotor is at a balanced position, the magnetic field produced by the permanent magnet is evenly distributed in the air gap. When the rotor is disturbed in +x direction, the rotor will move away from the center to +x direction, whose air gap becomes larger, and magnetic flux Φ m generated by the permanent magnet decreases. Then, the attraction force of permanent magnet decreases. In the −x direction, Φ m increases, and the magnetic attraction force increases. At this time, the sensor detects the eccentricity; the controller changes the displacement signal into a control signal; the power amplifier transforms the control signal into a control current which flows through the coil to generate magnetic flux. Therefore, the magnetic flux increases in +x direction, and the magnetic flux decreases in −x direction. The suspension force in +x direction is generated to make the rotor in the center.
ELECTROMAGNETIC ANALYSIS

Finite Element Analysis
The finite element analysis is performed by Ansoft Maxwell software which can calculate magnetic potential of the node. The 2D FEA model of the motor is given in Fig. 3 . Due to the existence of current source in the solving region, the magnetic potential is used to solve the calculation.
In order to build magnetic field and determine the solving region and boundary conditions for finite element method, there are some assumptions.
1) The end effect is neglected, and the magnetic field is distributed along the z-axial direction uniformly. Therefore, the current density vector and magnetic vector potential are expressed by axial component J z and A z , respectively. 2) The rotor is located at the center of the shaft. The radial displacement of rotor is not considered during the finite element analysis.
3) The external magnetic field of the motor is ignored.
The z-axial component of magnetic vector potential A z (x, y) is expressed as:
where J z (x, y) is the current density vector of the cross section, µ r the relative permeability of the material, µ 0 the permeability of vacuum, and x and y are the radial displacements.
According to Maxwell equations, magnetic density B and magnetic field intensity H can be expressed as:
The magneto-static torque is calculated by the principle of virtual work in Maxwell, which can be represented as:
where W is the magnetic co-energy, θ the rotor angle, and i the constant current. Similarly, magneto-static force is also calculated by the principle of virtual work in Maxwell and can be represented as:
Coupling between Torque and Radial Force
In order to study the characteristics of the proposed motor, the two-dimensional finite element analysis model was established. The main parameters of the motor are listed in Table 1 . Based on the 2D FEA, the magnetic flux distribution of the PM and electric excitation is shown in Fig. 3 . The magnetic flux produced by suspension coils is shown in Fig. 4(a) , which flows through the inner-stator pole, the air gap and the rotor. It does not pass through the outer stator. Due to the large magnetic reluctance of the PM and the existence of magnetic bridge, the magnetic flux produced by suspension coils does not penetrate through the PM. The magnetic flux produced by torque coils is shown in Fig. 4(b) , which flows through the yoke of outer stator, the pole of outer-stator, the air gap and the rotor. It can be seen that the magnetic flux does not penetrate the inner stator. The combinative magnetic flux of electric excitation and PM is shown in Fig. 4(c) . It can be seen that the flux paths of the torque coils and suspension coils are independent from each other. The new hybrid excitation DSBSRM has decoupled torque and suspension force, as shown in Fig. 5 , where F y is the radial suspension force along the y-axis, T the torque, θ r the rotor angle, i y the suspension current along the y-axis, and i T the torque current of phase A. When the outer-stator poles of phase A are aligned to the rotor poles as shown in Fig. 1, defining θ F y and θ r is shown in Fig. 5(b) . With i T changing, the maximum suspension force produced by i T is less than 1 N. The torque current can hardly produce suspension force. Therefore, the coupling between the suspension force and the torque is slight and can be neglected.
Two Degrees Freedom Radial Force Coupling
The coupling characteristics between F x and F y is shown in Fig. 6 . When i x = 0 and i y varies from 1 A to 4 A, the x-axis suspension force F x is shown in Fig. 6(a) . It can be seen that F x is almost zero. When i y = 0 and i x varies from 1 A to 4 A, the relation between F y and θ r is shown in Fig. 6(b) . It can be seen that F y is less than 0.1 N. It is proved that the coupling between F x and F y is slight and can be neglected. 
Comparison of Characteristics
Since suspension force is generated by the inner stator whose size is limited, the levitation force generated by the electric excitation is small. Therefore, a permanent magnet is added in the inner stator to increase magnetic attraction force at the same current. The performance comparison between traditional electric excitation DSBSRM and hybrid excitation DSBSRM at the same current is shown in Fig. 7 . When the suspension current varies from 0 A to 5 A, the suspension force of the hybrid excitation motor is 44.7% larger than that of the traditional motor on average. The change rate first increases and then decreases. The decrease is mainly due to the magnetic saturation in magnetic bridge where both the leakage flux and control flux pass through. Fig. 8 is the current comparison between above two motors under the same suspension force. The current of hybrid excitation DSBSRM can be reduced by nearly 30% on average. Therefore, hybrid excitation DSBSRM can reduce the power loss and improve radial load capacity.
MATHEMATICAL MODEL
Equivalent Magnetic Circuit
Due to the magnetic flux of the PM and control current in Fig. 4 , the simplified MEC of biased and control flux is given. In this hybrid excitation BSRM, due to the large magnetic reluctance of the PM and the existence of magnetic bridge, the control flux does not penetrate through the permanent magnet as shown in Fig. 4(a) . It can be considered that the bias flux has parallel connection with control flux. We can build the bias magnetic circuit model and control magnetic circuit model separately as shown in Fig. 9 . coils in the x-axis and y-axis, respectively; N is the turns of the suspension coils; ϕ x1 , ϕ x2 , ϕ y1 , ϕ y2 are the control flux; R x1 , R x2 , R y1 , R y2 are air-gap resistance of the suspension coils. Based on the above magnetic circuit, the air gap reluctance R can be approximated as:
where g 0 is the air gap length, S xy the control pole area, and x and y are the radial eccentricity. According to the Kirchhoff's magnetic circuit, the biased magnetic flux can be obtained as:
where ε b is the leakage coefficient of the PM, and
ε b can be obtained from the leakage resistance R m . The control flux can be obtained as:
where ε c is the leakage coefficient of the control flux.
Radial Suspension Force
Based on above magnetic circuit and according to the principle of Maxwell stress tensor, the suspension force can be deduced as:
Linearizing near the center position and neglecting the infinitesimal second order:
where K x,y is the displacement stiffness coefficient, and K ix,iy is the current stiffness coefficient.
Torque
Ignoring the higher harmonic wave of phase inductance, the phase inductance of the torque coils can be written as:
where L min is the minimum inductance, L max the maximum inductance, and N r the number of rotor poles. When the rotor salient pole coincides with the outer-stator groove center, the magnetic circuit works at an unsaturated state, and the inductance is minimized. Therefore, L min does not change with the phase current and can be considered as a constant. When θ r = 0 • , the inductance reaches its maximum L max , which can be expressed as L max =f (i T ).
The inductance value can be obtained by 2D FEA, where L min is 0.028 H, and L max =f (i T ) is shown in Fig. 10 .
Using the least-square method to fit these simulation data segmentally, we can obtain L max as:
Substituting Equation (14) into Equations (12) and (13), the inductance can be expressed as:
According to the principle of virtual displacement, torque T ek can be calculated as: Figure 10 . The relationship between L max and i T .
By substituting formula (15) into formula (16) , the torque T ek can be further calculated as:
FINITE ELEMENT SIMULATION VERIFICATION
Based on the 2D FEA model in Fig. 3 , the mathematical models deduced in Section 5 can be verified. According to formula (10), the radial suspension force can be calculated. The relation between the suspension force and suspension current is shown in Fig. 11(a) . When i y varies from 0 A to 10 A, the suspension force maximum error is only about 3.9%, which is in the acceptable region. Fig. 11(b) is the relation between the suspension force and the rotor radial eccentricity. When the eccentricity varies from 0 to 0.1 mm, the maximum error of the suspension force is 4.1% at 0.1 mm. It can be seen that the theoretical value is close to the calculated value of FEA, when current and eccentricity are small. With the current and eccentricity increasing, the theoretical value is slightly larger than the FEA result due to the impact of magnetic flux leakage and magnetic saturation. According to the analysis, the theoretical results are basically consistent with the FEA results. According to formula (15), the inductance of phase A can be calculated. Fig. 12(a) is the curve of the inductance L versus i T at θ r = 0 • . It can be seen that the analytical results are basically consistent with the FEA results. We can also see that the inductance rate declines with increasing i T because of the magnetic saturation. Fig. 12(b) shows the curve of the inductance L versus θ r at i T = 2 A. The inductance decreases gradually with the rotor rotating. The analytical results agree well with the FEA ones.
According to formula (17) , the torque can be calculated. Fig. 13(a) is the curve of torque versus i T at θ r = 7.5 • The maximum error between formula (17) and FEA is 8.9% at 4 A, which is in the accepted region. Fig. 13(b) is the curve of torque versus θ r at i T = 2 A. It can be seen that the analytical results are basically consistent with the FEA ones.
CONCLUSION
This paper presents a hybrid excitation double-stator bearingless switched reluctance motor, stating its structure and working principle, and then presenting electromagnetic characteristics of the proposed motor.
Comparison is made between traditional DSBSRM and the proposed motor. The mathematical models are established based on the MEC and then verified by 2D FEA. Based on the analysis, the proposed motor has following advantages:
(1) The proposed hybrid excitation DSBSRM improves the radial suspension force under the same conditions and decreases the suspension current when the same radial force is produced. (2) The Magnetic bridge is added between the PM and the shaft. On the one hand, it makes the inner stator a whole, which is convenient for machining. On the other hand, it provides a path for the magnetic flux excited by the suspension current and reduces the risk of demagnetization of the PM. (3) During the rotation, the radial suspension force does not change with the rotor angle, so as to overcome the problem that the traditional BSRM cannot produce enough suspension force at some special rotor positions. (4) The proposed motor has excellent decoupling characteristics between the torque and the suspension force. Meanwhile, the mutual influence between two degrees freedom radial force can be ignored.
